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Electromagnetic field confinement is crucial for nanophotonic technologies, since it allows for 
enhancing light-matter interactions, thus enabling light manipulation in deep sub-wavelength scales. 
In the terahertz (THz) spectral range, radiation confinement is conventionally achieved with specially 
designed metallic structures – such as antennas or nanoslits – with large footprints due to the rather 
long wavelengths of THz radiation. In this context, phonon polaritons – light coupled to lattice 
vibrations – in van der Waals (vdW) crystals have emerged as a promising solution for controlling 
light beyond the diffraction limit, as they feature extreme field confinements and low optical losses. 
However, experimental demonstration of nanoscale-confined phonon polaritons at THz frequencies 
has so far remained elusive. Here, we provide it by employing scattering-type scanning near-field 
optical microscopy (s-SNOM) combined with a free-electron laser (FEL) to reveal a range of low-loss 
polaritonic excitations at frequencies from 8 to 12 THz in the vdW semiconductor α-MoO3. We 
visualize THz polaritons with i) in-plane hyperbolic dispersion, ii) extreme nanoscale field 
confinement (below 𝛌𝐨 𝟕𝟓⁄ ) and iii) long polariton lifetimes, with a lower limit of > 2 ps.  
Phonon polaritons (PhP)1–3 in polar dielectrics can feature very low optical losses due to the reduced rate of 
electronic scattering4, and their response can be readily adjusted by size scaling (e.g. number of layers in a 
vdW crystal)5 or ion intercalation6,7. They are particularly interesting in so-called hyperbolic media (those 
whose dielectric permittivities have opposite signs along different crystallographic directions), where they 
exhibit a strongly directional behavior. The polaritonic iso-frequency curves (IFCs, slices of the dispersion 
surface in frequency-momentum space by a plane of a constant frequency 𝜈) are described by open 
hyperbolas, giving rise to exotic and very intriguing optical phenomena, such as extremely high momenta 
(as needed for electromagnetic field confinement8), small group velocities, negative phase velocities9, ultra-
long lifetimes8,10,11, and most recently, flat-band canalization of topological polaritons in twisted vdW 
bilayers12,13.   
Nevertheless, hyperbolic PhP only exist within spectral intervals that are defined by the material itself: the 
so-called reststrahlen bands (RB). RBs in polar dielectrics, located in within the transverse-optical (TO) 
and longitudinal-optical (LO) phonon frequencies, are narrow in spectral width and, moreover, naturally 
accompanied by losses. To date, observation of low-loss hyperbolic PhP remains restricted to a few mid-
infrared bands6,11,14,15. Therefore, finding low-loss polaritonic bands collectively spanning the full 
electromagnetic spectrum, as well as strategies to tailor their spectral position6 is urgently needed. 
Particularly in the long-wavelength regime, novel strategies to enhance and confine THz fields to nanoscale 
dimensions are also highly desired, thus complementing or even replacing large footprint metallic antennas. 
Applications could be envisioned for example to enhance the nonlinear THz frequency conversion 
efficiency in Dirac materials16, or to provide a down-scalable route for the generation of intense THz 
transients in spin-switching devices17.  
Here, we demonstrate the existence of nanoscale-confined, low-loss phonon polaritons at THz frequencies 
in the biaxial vdW crystal -MoO3.  To do this, we combine s-SNOM nanoimaging with a tunable infrared 
FEL (sketch in Fig. 1a), making use of its sub-millielectronvolt energy resolution (Fig. 1b and Methods) to 
access the fine structure of the polariton dispersion. We experimentally demonstrate the existence of THz 
polariton bands in -MoO3, and corroborate our findings by several theoretical approaches. Our real-space 
visualizations reveal two THz PhP bands with in-plane hyperbolic anisotropy, orthogonal propagation 
directions, exceptional confinement factors, and low-losses – exhibiting life-times of 3.1 ± 0.4 ps and 9 ± 4 
ps, for polaritons propagating along the [001] and [100] crystallographic axes, respectively.  
 
Figure 1. Polariton nanoimaging with a free-electron laser coupled to a s-SNOM microscope and prediction of THz 
polaritons in -MoO3 with hyperbolic propagation. (a) Illustration of the experiment. The s-SNOM tip polarized by intense 
picosecond THz pulses provided by a widely tunable free-electron laser, which in turn launches polaritons in an -MoO3 slab that 
propagate away from the tip. (b) Spectra of the FEL-pulses employed in the experiment for the reststrahlen bands RB1 and RB3 of 
-MoO3 as indicated in (c). The data points (dots) were obtained by grating spectrometry and fitted using Gaussian distributions 
(lines). (c) Dielectric permittivity tensor of -MoO3 in the THz spectral range obtained by correlating ab-initio calculations with 
near- and far-field experiments (Supplementary Note S6). The real (solid lines) and imaginary (dashed lines) parts of the permittivity 
tensor reveal three distinct reststrahlen bands with negative permittivities along different crystal axes, shaded in red ([001]), green 
([010]), and blue ([100]). (d) Open hyperbolic polaritonic IFCs in momentum space (𝑘𝑥 , 𝑘𝑦) for the frequencies marked in (c) 
(black lines), overlaid with the numerical simulations of the electric field distribution 𝑅𝑒(𝐸𝑧) in real-space (𝑥, 𝑦), (false color plots).  
The highly-asymmetric, biaxial crystal structure of -MoO3 (see Supplementary Note S1 for details on the 
sample preparation) gives rise to different dielectric permittivities along all three crystallographic directions, 
in addition to strongly anisotropic Raman vibrations over the whole infrared (IR) spectrum (see 
Supplementary Note S3 for polarization-resolved Raman spectroscopy characterization). As a polar crystal, 
-MoO3 has its LO-TO phonon degeneracy lifted for a variety of IR-active vibration modes, defining bands 
of high reflectivity (the RBs), wherein the real part of the frequency-dependent permittivity tensor becomes 
negative Re(εi) < 0 (i =  x, y, z).  Polaritons emerging at high-frequencies (ν > 12 THz) in -MoO3 have 
been observed within a few RBs11,15,18,19 resulting from interatomic stretching vibration modes. Interestingly, 
several interatomic deformation vibrational modes also exist20,21 at the lower-frequency side of the spectrum 
(ν < 12 THz). To explore the THz response dictated by these modes, we obtained the dielectric permittivity 
tensor of -MoO3 (so far unknown in the THz spectrum) by correlating ab-initio calculations and near-field 
polaritonic experiments, as described in Supplementary Notes S5 and S6. As shown in Fig. 1c, we observe 
spectral bands (marked as RB1-3) wherein at least one of the principal components of the permittivity is 
negative. In particular, within the bands RB1 and RB3 this occurs along the [001] and [100] crystal directions, 
respectively, indicating their potential to support PhPs with in-plane hyperbolic propagation. Note that for 
-MoO3 the vdW layers are stacked along the [010] direction, which defines the z-coordinate as indicated 
in Fig. 1a. 
To further study this polaritonic response, we performed analytical and numerical analyses based on 
electromagnetic theory (details in Methods) at targeted excitation frequencies for our sample system, namely 
thin-slabs of -MoO3 placed on a high-resistivity silicon substrate. The results are shown in Fig. 1d (black 
continuous lines), where we predict the existence of highly anisotropic polaritons by calculating their IFCs 
for a thin -MoO3 slab with representative thickness d = 197 nm. We directly obtain hyperbolic IFCs 
exhibiting accessible wavevectors within hyperbolic sectors centered along the crystallographic directions 
[001] (for RB1 excited with ν = 9.22 THz) and [100] (for RB3 excited with ν = 11.17 THz), corroborating 
the existence of in-plane hyperbolic polaritons in these spectral bands. To better visualize the propagation 
and orthogonality of these polaritons, we also performed full-wave electromagnetic simulations and 
extracted the spatial distribution of the vertical component of the electric field Re[𝐸𝑧(𝑥, 𝑦)] (overlaid as 
color plots over Fig. 1d panels). We observe the characteristic features of hyperbolic PhPs, such as concave 
wave-fronts, ray-like directional propagation, and significantly reduced wavelengths (as compared to the 
wavelength in free space). Specifically, evaluation of these polaritonic wavelengths yield values of 2.149 ± 
0.005 m and 2.705 ± 0.005 m in RB1 and RB3, respectively (referred to as PhP[001] and PhP[100] hereafter). 
We verify our theoretical predictions by performing s-SNOM nanoimaging experiments of an -MoO3 flake 
(Fig. 2a) with thickness d = 197 nm at selected THz frequencies highlighted in Fig. 1c. To this end, we 
employ polariton interferometry nanoimaging22–24 for the first time using FEL pulses. The raster-scanned s-
SNOM tip acts as an antenna providing near-fields with the necessary momenta to launch polariton pulses 
that propagate away from the tip, reflect on sharp flake edges and return to the tip, where they are re-
scattered into the far-field for detection. The measured signal is then modulated by the self-interference of 
the forward- (tail) and backward (head) propagating polariton pulse, thus allowing us to directly access in 
real-space its wavelength and decay lengths. Figures 2b,c show near-field intensity (S2) images for the 
flake shown in Fig. 2a, at illumination frequencies ν = 9.22 THz and  ν = 11.17 THz, targeting the predicted 
polaritonic responses of Fig. 1d. Our near-field images show periodic S2signals (fringes) parallel to 
specific flake edges. Particularly, at ν = 9.22 THz (Fig. 2b and its associated profiles at the top panel of Fig. 
2d), such fringes appear exclusively at the bottom edge, which is oriented orthogonally to the [001] crystal 
axis. This result directly reveals PhPs propagating with strongly in-plane anisotropic character. Notably, at 
this particular frequency we experimentally obtain a polariton wavelength of λPhP[001]
ν = 9.22 THz = 2.82 ±
0.08 μm, which is substantially smaller than the free-space wavelength λo = 32.5 μm, providing clear 
evidence of the deep-subwavelength character of these THz polaritons. At ν = 11.17 THz (Fig. 2c and its 
associated profiles at the bottom panel of Fig. 2d), a similar anisotropic response is observed, with fringes 
appearing along one specific edge of the flake, but in this case orthogonal to the [100] crystal axis, again 
revealing the excitation of highly directional, in-plane PhPs at THz frequencies. Particularly, at this 
frequency we observe a polariton wavelength of λPhP[100]
ν = 11.17 THz = 3.9 ± 0.9 μm, which is again much smaller 
than the free-space wavelength λo = 26.8 μm. These experimentally extracted polariton wavelengths are in 
good agreement with the numerically predicted quantities discussed above. 
 Figure 2. Near-field visualization of THz polaritons. (a) Atomic force microscopy image of an -MoO3 flake studied in this work 
with thickness d = 197 nm. The dashed boxes denote the areas where the near-field images displayed in (b) and (c) have been 
extracted. (b),(c) Representative near-field intensity S2 images taken at THz frequencies within RB1 ( = 9.22 THz) and RB3 ( = 
11.17 THz), respectively. (d) Polariton profiles extracted from the color-coded positions marked in (b,c).  THz polaritons appear 
exclusively at the edges orthogonal to their principal propagation direction. 
To analyze in detail the properties and tunability of THz polaritons in -MoO3, we quantitatively extract 
their dispersion on flakes with different thicknesses using a wide set of FEL frequencies (Fig. 1b). In Fig. 
3a, we plot the experimental and analytical dispersion relations ν(k) for PhPs propagating along the [001] 
crystal direction (PhPs[001], symbols and analytical curve shaded in red) and along the [100] crystal direction 
(PhP[100], symbols and analytical curve shaded in blue). These measurements were performed on a set of 
four flakes with thicknesses d = 53 nm, 131 nm, 197 nm, and 295 nm. The analytical dispersions derived 
from Eq. S8 (Supplementary Note S6) show excellent agreement with the experimental data. Since we 
observe increasing 𝑘-values (smaller wavelengths) by sweeping the illumination frequency from 𝜈𝑇𝑂 → 𝜈𝐿𝑂 
(increasing frequency), we can conclude that the nanoimaged THz polaritons in this frequency range 
propagate with a positive phase velocity, in analogy with the mid-IR polaritons reported previously11. We 
stress that no discernible polariton fringes are observed at edges parallel to the main propagation direction 
of PhPs[001] and PhPs[001] crystal axes, thus providing strong evidence for their in-plane anisotropic 
propagation. Such anisotropic response can be visualized by inspecting the atomic displacement vectors 
associated with the vibrational modes of our polaritons, as obtained by ab-initio calculations (Fig. 3b, for 
further details on the mode assignments see Supplementary Note S5). For PhPs[001], we observe a bending 
deformation mode involving three light oxygen atoms and the heavy molybdenum cation (Mo6+), wagging 
along the [001] axis. For PhPs[100], a simpler vibrational mode is observed, wherein only the tri-coordinated 
oxygen atoms wag along the [100] axis. Note that for the latter, an out-of-plane vibration mode is also 
observed along the [010] crystal direction, though its resulting net dipole moment is zero (i.e. Raman active), 
thus not contributing directly to the anisotropic polaritonic response. 
 Figure 3. Dispersion, life-time and tunability of THz polaritons in -MoO3. (a) THz polariton dispersion of -MoO3 flakes of 
different thicknesses d. Data points and analytical dispersion are color-coded in shades of blue (for PhP[100]), and red (for PhP[001]). 
(b) Illustration of the ab-initio atomic displacements of -MoO3 at the TO frequency associated with the RB1 (adjusted = 7.85 THz), 
and with the RB3 (adjusted = 11.00 THz) (c) Experimental (spheres) and analytical (solid line) polariton wavelengths as function of 
sample thickness. The highest confinement factor > 75 is achieved for the thinnest flake at THz frequencies close to the LO 
phonon modes. (d) Representative line-profiles for PhP[100] (blue curve, d = 131 nm,  = 11.17 THz ) and  PhP[001] (red curve, , d = 
53 nm,  = 9.22 THz) extracted from the near-field S2 images in the inset. The curves are normalized to the average S2 signal 
over the -MoO3 sample and offset for sake of clarity. Inset scale bars: 1 µm. 
The wide tunability of these THz polaritons has been already indicated in the thickness-dependent dispersion 
relations of Fig. 3a. In order to evaluate in a more explicit way the highest polariton confinement factor 
obtained (β = λo/λPhP), we plot the polariton wavelength as a function of the flake thicknesses for fixed 
illumination frequencies (9.86 THz for PhP[001] and 11.46 THz for PhP[100]), as shown in Fig 3c. A linear 
scaling law is observed for these polaritons, in good agreement with our analytical calculations (black lines). 
Experimentally, we obtain wavelengths reaching the nanoscale for the thinnest flake, namely down to 
λPhP[001]
ν = 9.86 THz = 397 ± 13 nm when illuminating with λo = 30.4 μm, thus exhibiting a confinement factor β 
> 75. Such extraordinary spatial confinement indicates that the field strength is strongly enhanced in the 
vicinity of such a polaritonic element, as dictated by energy-flux conservation. 
Additionally, remarkably shallow dispersion slopes are observed due to the high 𝑘 values and relatively 
narrow TO-LO frequency splitting. As a consequence, extraordinary slow polaritonic group velocities are 
obtained (vg,i = ∂ω ∂ki⁄ , with ω = 2πν being the illumination angular frequency, see Supplementary Note 
S2). For the flake with d = 131 nm (circle data points in Fig 3a), we obtain 𝑣𝑔 of around 2.2 × 10
−3𝑐 
(PhP[001] at ν = 9.86 THz) and 0.5 × 10−3𝑐 (PhP[100] at ν = 11.4 THz) for polaritons with comparable 
momenta. We note that polariton visualization becomes increasingly difficult the slower it propagates, as 
this entails that for a certain illumination bandwidth a large range of k vectors are simultaneously excited, 
therefore leading to self-interference effects and limited propagation25. For the PhP[100] modes manifested in 
the ultra-narrow RB3 (νLO − νTO ≈ 0.72 THz),  even with our relatively narrowband FEL excitation (Fig. 
1b), a range of polaritons spanning a finite k window can be excited.  This particularly applies to the PhP[100] 
polaritons on the thinnest flake with d = 53 nm, wherein no reliable polariton dispersion data could be 
extracted as only a single fringe was observed. 
Quantifying figures of merit (FOM) of polaritons is crucial for their application in future technologies, as 
for example, in polaritonic resonators8,26. It is important to determine their associated decoherence life-times 
and performance-defining quality factors. To that end, we examined in detail the polariton propagation for 
all combinations of thicknesses and illumination frequencies used in our experiments. Representative 
profiles and their corresponding near-field images for PhP[100] (ν = 11.4 THz, d = 131 nm) and PhP[001] (ν = 
9.22 THz, d = 53 nm) are shown in Fig. 3d. The real-space profiles are corrected for the circular geometrical 
wave spreading by a factor11,27 of x-1/2, then are fitted with a damped sinusoidal function to obtain directly 
the modes’ wavevectors Re(k) and decay lengths L = Im(k)-1, which, combined with the previously 
determined vg, directly yields the polariton life-times as τ = L/vg (Supplementary Note S2 for calculation 
details and τ values for all data points in Fig. 3a). We obtain life-times of τ[001] = 3.1 ± 0.4 ps (with associated 
propagation quality factor of Q[001] = Re(k)/Im(k) =  7.4 ) and τ[100] = 9 ± 4 ps (with Q[100] = 4.3), for 
PhP[001] and PhP[001], respectively. Interestingly, the FOM for these THz polaritons show remarkable 
resemblance to the -MoO3 mid-IR polariton counterparts11,15,18.  That is, they exhibit a very low-loss 
character, as evidenced by their exceptionally long life-times, while possessing low group velocities.  
 
In summary, we provide a robust platform for control and confinement of long-wavelength THz radiation 
in nanoscale dimensions by exploiting phonon polaritonic excitations in the hyperbolic van der Waals 
crystal -MoO3. We thereby significantly extend the known range of ultra-low-loss polaritonic bands, 
which, moreover, feature in-plane hyperbolic propagation. Our findings should open new avenues in the 
field of vdW heterostructuring, such as for the enhancement of light absorption in photodetectors28 or 
surface-enhanced spectroscopies29, increasing the efficiency in THz frequency converters16, enabling non-
linear control of matter with moderate THz field transients30, without necessarily relying on conventionally 
employed metal antennas.   
 
 
METHODS: 
Scattering-type scanning near-field optical microscopy (s-SNOM). Nanoscale imaging was performed 
with a home-built s-SNOM end-station integrated at the free-electron laser at the Helmholtz-Zentrum 
Dresden-Rossendorf, Germany. A metallized tip is oscillated at its resonance frequency (Ω ~ 160 kHz) in 
the vicinity of the sample surface while being excited by the FEL radiation. The tip acts as an antenna, 
concentrating the electric fields at the tip apex, which interacts with the sample volume, thus modifying the 
tip-scattered near-field signal (S). The near-field signal scattering has a non-linear dependence on the tip-
sample distance, whereas the far-field background signal is linearly modulated, thus generating detected 
signals composed of multiple harmonics of the tip frequency (nΩ, wherein n = 1,2,3…). Demodulation of 
the scattered signals is done at a higher harmonic of the tip oscillation frequency (n ≥ 2), effectively 
suppressing the background far-field contribution31. Throughout this work, the second-harmonic (n=2) near-
field signal (S2Ω) demodulated with lock-in amplifier is used.  The scattered signal is recorded using a self-
homodyne technique, as described elsewhere31,32. For the polariton interferometry measurements of the RB1, 
we used a liquid helium-cooled gallium-doped germanium photoconductive detector (QMC Instruments 
Ltd), whereas for the RB3, we used a liquid nitrogen-cooled mercury-cadmium-telluride photoconductive 
detector (Judson Technologies LLC, Model J15D26 equipped with a thallium bromo-iodide window).  
Free-electron laser tuning and diagnostic. While tabletop lasers excel as sources for s-SNOM 
measurements in the near-IR to the mid-IR, suitable sources for s-SNOM in the THz spectrum are not as 
easily achieved.  Alternatively, radiation emitted from relativistic electrons can be extremely bright THz 
sources, either incoherent33 or coherent34,35.  Synchrotrons generate broadband radiation extending down to 
IR and THz frequencies, where they have been applied for s-SNOM36.  Here, restrictions still exist though 
in the detection of the weak tip-scattered signals in s-SNOM, which has so far limited broadband 
nanospectroscopy with synchrotrons to frequencies >9.6 THz.  Free Electron Lasers (FEL) offer the 
advantage of broad continuous tunability combined with an extremely narrow spectral bandwidth 
(~ 0.5 – 2.5 % FWHM). The higher spectral brightness of the FEL compensates for the reduced detection 
sensitivity at THz frequencies37,38.  
At the ELBE Center for High Power Radiation Sources, two FELs, collectively referred to as FELBE, 
operate over a spectral range of 1.2 – 60 THz (5 – 250 m).  For this study, the U100 FEL was utilized and 
provided the necessary brightness and spectral range to image the THz polaritons in -MoO3. Due to the 
highly dispersive and relative narrow-bandwidth nature of the THz polaritons, we tuned the FEL at its lowest 
achievable bandwidth by decreasing the length of its optical resonator cavity below the condition of perfect 
synchronization with the electron bunches from the accelerator.  This causes the optical pulse in the FEL 
resonator to lead the electron bunch slightly on each pass through the undulator, thus reducing the overlap 
of each electron bunch with the stored optical FEL pulse.  The reduced interaction between the electron 
bunch and the optical pulse decreases the FEL power, and also leads to lengthening of the FEL pulse, and a 
commensurate narrowing of the spectral bandwidth of the transform limited FEL pulses39,40. Pulse 
bandwidths were kept at 0.51- 0.97%FWHM throughout the experiments, as extracted from Fig. 1b (main-
text). The latter pulse spectral diagnostic was performed with a calibrated grating spectrometer (SpectraPro 
300, Acton Research Corp.). 
Full-wave numerical simulations and analytical isofrequency curves calculation. The propagation of 
polaritons is fully determined by their isofrequency curve (IFC, a slice of the dispersion surface taken at a 
constant frequency). Therefore, to investigate how the PhPs propagate in -MoO3 in the THz frequency 
range, we calculated the analytical IFC by varying the angle  in supplementary Eq. (S8) from 0 to 2 for a 
fixed incident frequency (black continuous lines in Fig 1d of the main text). To better visualize such 
propagation properties, we also performed full-wave electromagnetic simulations (COMSOL Multiphysics) 
to obtain the vertical component of the electric field spatial distribution, Re(𝐸𝑧(𝑥, 𝑦)) (color plot in Fig 1d 
of the main text). To do this, -MoO3 structures were modelled as biaxial slabs21,41 on top of high-resistivity 
float-zone Si substrates, in which PhPs were launched by vertically-oriented point electric dipole sources 
placed on top of the structure.  
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